Abstract: Supply chain (SC) performance depends not only on the excellent planning and scheduling techniques but also on execution control. Recent studies indicated that the scheduling needs to be considered with regard to a real SC execution environment. Modern developments in information technologies such as RFID (Radio Frequency Identification) provide a constructive basis to incorporate the stages of SC scheduling and execution under the attracting adaptation methods. In this study, we investigate the issues of establishing adaptive feedbacks between SC scheduling and execution from the perspectives of modern control theory. In using optimal control for scheduling stage, feedback adaptive control for execution stage, and attainable sets for analysis of the achievement of the planned performance in a real execution environment, we pro-vide a mathematically unified framework for SC scheduling and execution control. The pro-posed framework makes it possible to analyse the correspondence of RFID functionalities and costs to the actual needs of execution control and support problem-oriented SC adaptation for the achievement of the desired performance. The developed framework can be applied as an analysis tool for the decision support regarding the designing and applying RFID infrastructures in supply chains. Copyright © 2011 IFAC
INTRODUCTION
The achievement of the planned supply chain (SC) goals can be inhabited by perturbation impacts in a real execution environment. SC execution is subject to uncertainty at the planning stage and disruptions at the execution stage (Kreipl and Pinedo, 2004, Chauhan et al., 2007) . Therefore, SCs are to be reliable and flexible enough to (1) ensure agility and (2) to be able to adapt their behavior in the case of perturbations impacts in order to remain resilient by recovering disruptions once disturbed.
Modern developments in information technologies (IT) such as RFID (Radio Frequency Identification), SCEM (SC Event Management) and mobile business provide a constructive basis to incorporate the stages of SC planning and execution (Dolgui and Proth, 2010) . However, the IT serve in SCs as organizational systems the decision-support role (and not automatic decision execution role). Hence, the analysis frameworks for the decision support regarding the designing and applying IT, incl. RFID, infrastructures in SCs are practically needed.
The existing studies underline that, along with numerous potential benefits from RFID utilization, the expectations from RFID utilization and reality are frequently parted (Lee and Oezer, 2007, Irani et al. 2010) . RFID does neither explain nor solve the fluctuations of customer demand, the delays in transportation, the level of inventory, etc. (Chuang and Shaw, 2007, Cannon et al. 2008) . It identifies and processes the data in the volume according to the tags, readers and middleware functionalities and at the places where they are installed.
RFID also does not propose any control actions that should be taken to adapt a SC in the case of changes or disruptions at the execution stage. Quality of adjustment adaptive actions' efficiency at the execution stage depends on two factors: (1) control actions that are taken in operations' execution dynamics and (2) control actions that have been taken at the planning stage.
Hence, the planning and execution models are to be interreflected, which means, in both of the models, that the decision-making principles of the other model are to be reflected. The preferable way to ensure such integration is to apply the same modeling methods (Ivanov, 2009) . In these settings, the extensive development of approaches and models to dynamic SC scheduling under the attracting adaptation methods is becoming a timely and crucial topic in SCM.
It is quite natural that the designing RFID infrastructures should be interconnected with the analysis of management issues in SCs to achieve the consistency among the RFID costs, RFID impacts on the SC performance and real requirements for control actions that are taken by SC managers on the basis of data from RFID. Surprisingly, there is a gap in this research direction. The application of RFID for SCM is frequently not supported by the analysis of the correspondence of RFID functionalities and costs to the actual needs of execution control and SC adaptation for the achievement of the desired performance. This frequently results in redundant or not justified investments in RFID or negative assessment of RFID project results (Li and Visih, 2006 , Tajima, 2007 , Ustundag, 2010 .
In this study, we investigate the issues of establishing adaptive feedbacks between SC scheduling and execution from the perspectives of modern control theory. The aim of this paper is neither to provide a rigor mathematical formulation nor a novel RFID data management infrastructure, but to deliberate conceptually and to approach the existing gap between the management and IT levels from constructive engineering positions and formal methods. This study is to contribute to the methodological basis of intellectual technology, principles of SC control, intellectual interactive monitoring and decision making in complex SC control systems.
The rest of this paper is organized as follows. We start with a state-of-the-art analysis. Section 2 describes the research approach, which is theoretically based on the combined application of modern control theory and operations research. In Section 3, we describe the developed framework of interlinking SC scheduling and execution control. We conclude the paper in Section 4 by the description of the experimental environment and summarizing the most important features of the proposed framework.
RESEARCH APPROACH
In contrast to classical automatic control of technical devices and technological processes, modern control theory (MCT) provides methods and tools for synthesis and analysis of complex operations control systems to a variety of new application areas; one of them is SCM (Disney et al., 2006 . With the help of MCT, control of tasks and resources distribution and scheduling problems can be approached in dynamic and feedback-driven manner (Braun et al. 2003) .
With the help of MCT, both SC scheduling and execution can be interpreted as a dynamic execution process of a complex of operations. Hence, the problems and models of planning, scheduling, and adaptation can be integrated on unified methodical principles. The coordination and coherency of planning and execution models do not require special efforts and occur in a natural way within the unified mathematical axiomatic of MCT. In contrast, if applying different techniques for the scheduling and execution stages, the coordination and coherency of schedule optimization and execution simulation models require special efforts and would not necessarily be successful because of human subjectivism.
After the schedules are set up, the stage of SC operations execution follows. At the physical level, cargo movement control takes place. The data from primary control devices (e.g. RFID) are transmitted, accumulated and evaluated within the information systems level. At the interface between the information systems level and the event management level, based on SCEM tools, SC monitoring and reinstating (adaptation) take place. This results in decisions on SC processes, plans or goal correcting, amending or replacing on the basis of the disturbances that occurred and the control actions that existed.
In designing the RFID infrastructure, we follow the IEEE 802.15.4 standard for wireless autonomous control. In a simple case, there is enough to establish links between RFID readers and a superordinated IT, e.g., an SCEM system. In more complex cases, the networking of different RFID readers via special protocols (e.g., low-level reader protocol (LLRP) is mandatory. In this setting, the RFID infrastructure should be built up of two levels: networking RFID readers with each other and networking RFID readers with an SCEM system.
An interesting question regarding the analysis of the generated SC schedules and RFID infrastructures is to estimate the efficiency of their correspondence to a real execution environment and to each other. The existing SCs are frequently designed with significant redundancies in resource consumption that are inadequate the SC output performance. In addition, RFID infrastructures are frequently not complied with real needs and requirements for them resulting in not justified high costs in the design and running of RFID. These redundancies should be eliminated and SC resources and output performance should be brought into a mutual correspondence.
We propose to approach the SC property to achieve a balance between the economic output performance and resource consumption under the colliding SC processes with a real perturbed execution environment regarding the variety of execution and goal criteria from the positions of SC global stability . The concept of SC global stability has been introduced for a SC as a system that evolves by management actions and understanding under the global stability is as follows: for the achievement of the SCM goals, balancing positive control and negative perturbation influences is preconditioned. Even this balance is the desired equilibrium state which allows the ensuring continuity of SC execution and the achievement of the SC planned performance in a real execution environment with efficient resource consumption.
QUANTITATIVE FRAMEWORK OF SUPPLY CHAIN SCHEDULING AND EXECUTION CONTROL
In developing a mathematical model for SC scheduling in terms of dynamic analysis of SC execution, it is important to ensure mathematical consistency of dynamics to be considered both from a narrow perspective (operations dynamics within a schedule in accordance to a given plan) and a wide perspective (execution dynamics and adaptation of both schedules and plans). Hence, the problems and models of planning, scheduling, and adaptation should be integrated on unified mathematical principles. This can be achieved in ap-plying MCT models which consider dynamics both at the planning and execution stages.
In doing so, it is possible to describe both the planning and execution stages in terms of control. However, despite optimal control models make it possible to reflect the optimization of a performance indicator the value of which is accumulated over time, the consideration of sequencing and resource allocation in these models is significantly complicated by specific mathematical features. Hence, scheduling could not be performed.
To overcome this shortcoming, we developed a SC dynamic scheduling model that is based on a combined application of optimal control and mathematical programming approaches. The model is based on a dynamic interpretation of SC execution as a dynamic complex of operations. This dynamic interpretation is used both at the scheduling and execution control stages. At each instant of time while calculating solutions in the optimal control dynamic model with the help of the Pontryagin's maximum principle, the linear programming (LP) problems to allocate jobs to resources and integer programming (IP) problems for (re)distributing material and time resources are solved with conventional capacitated LP/IP algorithms.
The modelling procedure is based on an essential reduction of problem dimensionality that is under solution at each instant of time due to connectivity decreases. At each point of time, only variables and constraints that are relevant at this time section are considered for scheduling and transmitted as input data to an LP/IP algorithm. The whole dimensionality and dynamics is kept within the optimal control model. With the special mathematical techniques and due to the integration with MP, it becomes possible to represent input and output data in discrete form while the solution procedure itself extensively applies the advantages of the continuous optimization. Within the scheduling model, we can explicitly change resource consumption for the protection of SC against uncertainty and analyze the impact of these changes at SC output service level and costs.
At the scheduling stage, different levers (material inventory, financial reserves, and IT, incl. RFID) to mitigate uncertainty and to ensure SC execution under the presence of disturbances are built. As the SC execution is inevitably followed by changes of both environment and SC itself, the adjustment of SC behavior to these changes is needed. A convenient way to approach this issue is the concept of adaptation.
The adaptation is the property of a SC consisting of the continuous changes of its functioning and the abilities to function in unpredicted conditions by a goal-oriented adjustment of the process parameters and/or structures. The SCs are adapted by decisions of human beings, the SC managers.
The main purpose of the adaptation framework is to ensure a dynamic integrated SC scheduling and execution control model with a parameter tuning with regard to changes in the execution environment and planned values of performance indicators.
A hierarchy of adjustment actions is brought into correspondence with different deviations in the SC execution. A state correction takes place with a time horizon of hours, days, weeks or months. To match the SC execution analysis and recovering the SC operability, we elaborated a concept of the complex SC adaptation, which is built as a five-level structure. Each adaptation level characterizes a certain control loop in accordance with oscillations and deviations and corresponds to certain management actions We distinguish parametric adaptation (i.e. rush orders), structural-functional adaptation (i.e. supplier structure changing), project goals' adaptation (i.e. delivery delay), and SC goals' adaptation (i.e. network profit changing), as well as SC strategy and models' adaptation. This makes it possible to match the results of the stability analysis and the actual execution analysis. It also provides a decision maker with a tool to make decisions about the SC adjustment in a real-time mode.
The main question in the proposed execution adaptation approach is to define rules what control actions should be taken by what deviations to maintain the planned performance. In addition, we emphasize that these actions are strongly interconnected with the RFID infrastructure of SCs. Hence, a method is required to consider simultaneously (1) SC performance and adaptation and (2) control actions (RFID functionality) and perturbation impacts, and (1) and (2) together (see Figure 1) . In the approach, stability is considered as a dynamic property that emerges through feedback loops. Hence, stability can be considered as a system behaviour property that should be maintained despite perturbation influences by means of corresponding adaptive control actions. This approach commits to stabilizing adaptive systems. As such, stability becomes interconnected with adaptability within the so-called stabilizing feedback control.
Let's consider the general logic scheme of decision making on the elimination of disturbances in SCs.
Step 1. The analysis of conformity of actual and planned goals. At the given stage, a comparison of the actual values of parameters and the goals of SC execution with the planned values is carried out. If the arisen deviations in aggregate do not lead to a loss of stability and the SC maintains a stable state, necessities for correcting control influences are not present. Otherwise, a transition to step 2 is necessary.
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Step 2. Alerting managers about the necessity for taking regulating decisions. In the case where perturbation influences lead to a loss of stability and the SC loses its stable state, regulating control influences. On the basis of the actual stability analysis data and the planned scenarios of recovering the SC operability, a certain set of actions on the restoration of a planned (or wished for) course of events is proposed to managers.
Step 3. Decision making on the SC adaptation. Taking operative decisions is based on a system comparison of various kinds of control influences with various levels of pa-rameter deviations of the SC gained on the basis of the stability analysis.
The quantitative of model global stability analysis is based on the control theory-based dynamic interpretation of the SC's functioning process and attainable sets. The results of the stability analysis can be brought into correspondence with different SC adjustment measures with regard to SC schedules. In addition, the usage of attainable sets makes it possible to quantify the stability in the form of a stability index.
The essence of a stability index calculation is based on the construction and comparison of two attainable sets (the area of admissible values of SC performance metrics and the approximated area of SC attainability under the influence of perturbation factors). The stability index is expressed as the area of intersection of these two rectangles
Based on the quantification of stability with the help of attainable sets, it becomes possible to compare different SC and RFID structures with different scope and scale of the resource consumption regarding both the performance indicators and stability. This analysis can be performed with regard to different execution scenarios and different areas of control impacts in order to achieve the planned output performance in a real perturbed execution environment. Hence, the results of the stability analysis can be brought into correspondence with different SC performance and resource consumption scenarios.
EXPERIMENTAL PROCEDURE, VALIDATION, AND SIMULATION RESULTS
RFID systems include tags, readers and software to process the data (middleware). The reader sends a radio signal that is received by all tags present in the RF field tuned to that frequency. Tags receive the signal via their antennas and respond by transmitting their stored data. The tag can hold many types of data, including a serial number, configuration instructions, activity history (e.g., date of last maintenance, when the tag passed a specific location, etc.), or even temperature and other data provided by sensors. The read/write device receives the tag signal via its antenna, de-codes it and transfers the data to the computer system through a cable or wireless connection.
Analysis of the compliance of an RFID infrastructure with the requirements for execution control
For the investigating of the RFID-based feedbacks within the developed modeling framework, an experimental stand with a transport network and some production and warehouse facilities is currently under development (the transportation network with an RFID infrastructure is already elaborated).
We note that the RFID experimental environment is not intended (at least, in its current version) to the full implementation of the developed models. It is much simpler as the modeling framework and serves to gather experimental data for the modeling complex. The modeling complex itself is implemented in a special software environment, which contains a simulation and optimization "engine" of SC planning and execution control, a Web platform, an ERP system, and APS system, and a SCEM system.
The kernel of the computational framework is the decision modeling component, that is, the simulation and optimization "engine". The schedule optimization is based on an optimal control algorithm.
After the schedule is generated, we turn to the schedule execution simulation and control. Note that even at the execution stage we remain within the same mathematics of optimal control theory and can ensure the optimization-based simulation and adaptive feedback control. The schedule execution can be analysed with regard to performance indicators and different execution scenarios with different perturbations
In the elaborated prototype, parameters of the SC structures and the environment can be tuned if the decision-maker is not satisfied with the actual schedule execution and resulting values of performance indicators. In particular, the program reveals certain places in an SC where RFID has signaled the deviations from the planned schedule execution. In analyzing the impact of the scale and location of the adaptation steps on the SC performance, it becomes possible to justify methodically the requirements for the RFID functionalities, the stages of an SC for the RFID elements locations, and the processing information from RFID.
In particular, possible discrepancies between actual needs for wireless solution of SC control problems and the total costs of ownership regarding RFID can be analyzed. In addition, processing information from RFID can be subordinated to different management and operation decision-making levels (according to the developed multi-loop adaptation framework). Pilot RFID devices with reconfigurable functional structure are developed.
Observations from the designing an RFID infrastructure
Let us discuss some observations and results. At the first stage of the establishing the experimental stand, we came to the conclusion that traditional networking technologies tend to be expensive for integration of many readers. In this work some efforts have been made to analyze and optimize RFID network structure to be more suitable for SC control tasks.
The most valuable property of RFID technology is wireless data interchange with objects (tags) without power source (passive RFID). Main advantages of passive tags such as low cost, size, weight, make them ideal candidates to be agents for data accumulation and transmission along with physical objects. Most of tag access protocols are international standards. This improves interoperability of readers and tags of different manufacturers. Cost of a tag is continuously decreasing that enables their applications in real life.
Although main function of readers is reading data from tags, readers can also perform many additional functions such as writing data, setting password, locking data and killing tag. However, readers do not have well defined protocols to be controlled with. Each manufacturer offers its own solution for data interchange between a reader and computer. In fact, there is no interoperability between readers of different manufacturers.
One of the most important issues from the system integration point of view is a ratio of readers being used to the computers which control them. Today, only a few readers can be directly connected to a single PC. However, future RFID systems will need to be distributed RFID networks.
For many RFID systems with a single reader the wider reading range is the preferable way. However, the wide detection range decreases the resolution for locating objects. For pure storage operations, the wide range has two drawbacks. First, increased number of tags located in the field of the reader decreases the reading performance and enlarges the storage cycle. This has negative effects on the systems designed to monitor especially valuable objects. Second, the wide range is equivalent of poor resolution in case of localizing objects. So, for the tasks where object location is important (e.g. tasks of object storage and logistics) many readers are required to arrange a wide zone totally covered with RFID field. Distributed reader networks tend to be expensive if based on readers optimized for the wide range operation.
Several changes in system architecture can be proposed to achieve desired properties of the system. First, readers should be integrated in a special bus that will provide both power and data path to readers using the single coaxial cable to be easily mounted and minimize connections. Second, software can be split according to client server model based on TCP/IP sockets using well-defined portable interface. Thus, application programmers can use the same command set to access any reader in a bus behind the server. Since the TCP/IP is an Internet protocol user applications can be spread over the network and talk to both local and remote servers (EPC, 2004) .
The Sim-Sim architecture can be treated as a basement of distributed RFID networks which will be the future of RFID technology. Once the readers get inexpensive, other factors start to determine overall system cost. Sim-Sim architecture potentially offers both hardware and software solutions to reduce these costs. Existing readers can be easily integrated into Sim-Sim Server using back-end drivers. Thus, Sim-Sim architecture provides both reader manufacturers and application programmers with cost-effective, stable, scalable and portable RFID solution.
CONCLUSION
Application of RFID in logistics and SC management (SCM) has been widely discussed in recent literature (Lin 2009) . RFID is believed to provide crucial benefits in inventory reduction, increased product availability and customer service, production, storing and transportation tracking, mitigating the bullwhip-effect, integrating SC, improved returns and asset management, and supply stability/continuity by means of reduced shrinkage, improved data accuracy, increase in material handling efficiency, improved information sharing, and SC monitoring support through a faster exception management. SCs can potentially become more flexible, responsive, agile and secure by applying RFID. In addition, RFID in SCM can potentially contribute to SC competitiveness.
However, the introduction of RFID brings not only benefits but also the risks. On one hand, significant business performance improvements are expected. On the other hand, suppliers are to spend considerable budgets to integrate RFID into their software applications. The actual influence of RFID on the business performance improvement still remains vaguely estimated. Besides, some technical problems of RFID utilization, especially security and a lack of standardization can be named.
Summarizing, we emphasize that the proposed approach makes it possible to approach the issues of both (1) optimal SC scheduling, (2) analysis of the mutual correspondence of the investments into RFID infrastructures and the SC performance and (3) analysis of the selection of appropriate SC adaptation actions responding to changes in SC execution environment.
